A highly textured alumina green compact was obtained from well dispersed non-aqueous slurry by drying it in a high magnetic field. Compatibility of poly(vinyl butyral) (PVB) as a dispersant and organic solvent was optimized in order to control the conformation of PVB which affects the dispersion state by steric repulsion. A novel observation method was developed to analyze the structure of dispersed particles in concentrated slurry with an optical microscope. This method clarified that well dispersed slurry based upon good compatibility of PVB and organic solvent led to a highly particle-oriented green compact.
Introduction
A high magnetic field provides a powerful technique to fabricate a green compact with textured microstructure from well dispersed slurry. 1)7) Many crystal-oriented products have been produced by this technique as well as templated grain growth (TGG) or reactive templated grain growth (RTGG). 8)10) A good dispersion of particles as single crystals in slurry is very important, 11) since the torque generated on the particle is very weak para-or dia-magnetic interaction with the magnetic field. A slight frictional force hiders the rotation and thus the orientation of particles to a specific direction. Often the particle dispersion has been controlled in aqueous system and crystal-oriented ceramics have been successfully fabricated by using an appropriate dispersant.
11)16) However, there are some cases to control the dispersion in non-aqueous system to prevent electrolysis of a dispersion medium or suppress cracks in a dried green compact due to surface tension. 17) Non-aqueous system, in contrast, often involves complicated problems for particle dispersion. A dispersant should induce steric repulsion between particles alternative to electrostatic repulsion which hardly generates in non-aqueous slurry. The compatibility of the dispersant and organic solvent is significantly important because it affects the conformation of the dispersant dominating the particle dispersion in slurry. The good compatibility of the dispersant and solvent leads to expanded conformation of the dispersant molecule, and thus to well dispersed slurry.
Previous studies indicated that poly(vinyl butyral) (PVB) is one of the most effective dispersants which induces the steric repulsion between alumina particles in non-aqueous system. 18) A PVB molecule has both hydrophobic and hydrophilic groups as shown in Fig. 1 . Mixed organic solvent consisting of polar and non-polar solvent is effective to improve the compatibility. The hydrophilic parts of PVB molecules attract the molecules of polar solvents by hydrogen bonding whereas the hydrophobic parts of PVB interact with the molecules of non-polar solvent by the Van der Waals' forces. Thus, compatibility of PVB and mixed solvent varied with the mixture ratio of polar and non-polar solvent. The present authors investigated the compatibility of PVB in mixed organic solvent with various mixture ratio through the measurement of the intrinsic viscosity. 19) The high intrinsic viscosity indicated the expanded conformation of the PVB molecule in the mixed solvent.
The objective of this study is to fabricate a highly particleoriented green compact with the non-aqueous slurry by controlling the compatibility of PVB and mixed solvent. Dispersion state in the slurry is evaluated from both direct observation with an optical microscope 20) , 21) and viscosity measurement in concentrated slurry. The orientation degree is calculated from the X-ray diffraction pattern or birefringence of the green compact.
Experimental procedure 2.1 Slurry preparation
Alumina powder of spherical shape (AA1.5, Sumitomo Chemical Co. Ltd., Tokyo, Japan) was used for the present study. This powder is almost mono-dispersed with the average particle size 1.7¯m. PVB and dioctyl phthalate (DOP) were used as a dispersant and plasticizer, respectively. Four kinds of organic solvent were prepared by changing the mixture ratio of xylene to isopropyl alcohol (IPA). The former works as a nonpolar solvent, and the latter works as a polar one. PVB was dissolved into the prepared solvent before addition of alumina powder to make slurry. The PVB concentration was kept butyral and acetyl groups groups 78mol% vinyl group 22mol% 1.0 wt % of the powder, and the volume fraction of alumina powder in the slurry was 25 vol %. After mixed with a magnetic stirrer for an hour, the slurry was added with DOP (4.0 wt %) and mixed for another an hour.
Evaluation of slurry dispersion
Viscosities were measured for four kinds of slurry to evaluate the dispersibility of particles in the slurry with a rheometer of cylindrical type (Physica MCR 301, Anton Paar GmbH, Österreich, Austria). The diameter of the cup and bob were 28.91 and 26.66 mm, respectively. The rheometer was programmed to measure the viscosity at shear rates in the range 1 1000 s ¹1 after the slurry was pre-sheared at 100 s ¹1 for 60 s followed by rest for 180 s to ensure a constant condition before measurement. The temperature was kept constant at 25°C during the measurement.
In addition to the viscosity measurement, a novel observation method was applied to analyze the structure of dispersed particles in concentrated slurry with an optical microscope (BX51, Olympus Co. Ltd., Japan). This method used a jig made with silica glass as shown in Fig. 2 . Supernatant of the slurry prepared by the centrifugation was placed under the slide glass located at the left side of the waterway. A small amount of slurry was placed on the entrance of the shallow waterway on the other side of the jig, and let it flow through the waterway by the capillary force. When the slurry meets the supernatant, spontaneous dilution occurred, allowing the observation of particle structures at the end of waterway. The image of the optical microscope showed not only large agglomerates of the size 10 micron but also small agglomerates, which were almost always found even in dispersed slurry of low viscosity.
Fabrication of particle-oriented alumina powder compact
The slurry prepared was poured into plastic moulds and placed in a high magnetic field (10 T) of a superconductive magnet until the slurry was dried to form a green compact at the room temperature. The dried samples were heated at 900°C to remove the organic components such as PVB, xylene and IPA, and also to preserve the packing structure of particles.
Evaluation of orientation degree in green compact
The degree of particle orientation was evaluated on thin green compacts by the liquid immersion technique with a polarized light microscope.
16) The retardation, governed by the product of the sample thickness and the birefringence was measured in this method. The retardation of a green compact R compact was calculated as follows,
where "n compact is the birefringence of compact, d the measured thickness of a thin compact and µ the relative density. The orientation degree F biref was defined as the ratio of birefringence of compact "n compact and that of single Al 2 O 3 crystal (0.0075) 23) along the a-axis as the following equation,
In addition to the above method, a conventional XRD method with Cu K¡ radiation and 2ª/ª scan was applied to evaluate the orientation degree. The orientation degree for c-axis was represented by the Lotgering factor (L.F.) 24) which is defined as bellow,
where I and I 0 denote the sets of peak intensity in the oriented and randomly oriented materials. The subscripts j and k correspond to the peaks originated from c-axis such as 006 and 0012 and all peaks, respectively.
In the case of ¡-alumina, very small L.F. is often noted even for highly oriented structure due to weak intensity of 006 and 0012 peaks, making it difficult to use the value of L.F. for evaluation of particle orientation. To compensate this disadvantage, the modified Lotgering factor (M.L.F.) was utilized in which applicable range of I j and I 0 j in Eq. (4) was extended to peaks whose diffraction planes have declined angles less than 45°a gainst the c-plane. The declined angle corresponding to hkl peak was calculated from dihedral angle between (hkl) and (001) planes in hexagonal system as the following equation, 25) º c ¼ cos
where a and c denote lattice parameters of a-axis and c-axis, respectively. By applying Eq. (5) to each XRD peaks of ¡-Al 2 O 3 , the declined angles of 104, 116, 018, 208, 1010, 119, 0210, 2110 peaks are less than 45°against c-plane. These peaks newly included for calculation of the M.L.F. in order to magnify the differential in orientation degree. They are enhanced under a moderate orientation although only 006 and 0012 peaks are not enhanced so much. Table 1 shows the data on intrinsic viscosity of PVB in various kinds of organic solvent. This data were obtained by extrapolating (© r ¹ 1)/C PVB toward C PVB = 0.
Results
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Cover glass Slide glass Fig. 2 . Schematic illustration of a jig for observation of particle dispersion. intrinsic viscosity was noted in PVB solution using mixture of xylene and IPA (IPA 28 mol % and IPA 61 mol %) than in PVB solution of single organic solvent (IPA 0 mol % and IPA 100 mol %). This indicated that the compatibility was improved by mixing the polar and non-polar solvent. Especially, IPA 61 mol % had much highest intrinsic viscosity than the others. This mixture ratio provides expanded PVB structure in the solution. The detail is described in discussion. Figure 3 shows viscosity curves for four kinds of slurry. Good dispersibility in slurry was suggested in IPA 28 mol %, IPA 61 mol % and IPA 100 mol % since Newtonian behavior was observed for them. However, this result did not provide clear difference in dispersion state among the three kinds of slurry concretely. Shear thinning behavior was noted for IPA 0 mol %, suggesting the presence of huge agglomerates in the slurry.
Figures 4(a)4(d) shows micrographs of four kinds of slurry taken by an optical microscope immediately after dilution. Note the dispersion state was preserved for a while although the distance between particles enlarged rapidly after the slurry made a contact to its supernatant. Differences in dispersion state were noted among the four kinds of slurry. Clearly, the particle dispersion was strongly affected by the compatibility of the PVB and organic solvent. Formation of huge agglomerates was noted in IPA 0 mol %, which was consistent with the result of Fig. 3 . Separated particles and small agglomerates were noted in other micrographs. The smallest particles appeared and were mostly separated in the solvent IPA 61 mol %. The size of a smallest particle corresponded to that of a single partice (1.7¯m). Figure 5 shows polarized light micrigraphs of an oriented green compact prepared with the slurry of IPA 61 mol %. The thin sample was prepared with the surface for evaluation parallel to the magnetic field. The color of the sample varied repeatedly from bule to pink and then to yellow with its rotation for evary 45°. This variation shows the particle orientation along a specific direction. Figure 6 shows XRD patterns of particle-oriented alumina green compacts fabricated from four kinds of slurry. The plane for evaluation was perpendicular to the magnetic field. The variation in orientation degree was observed especially in the diffraction peak of 1010 since this diffraction peak is relatively strong compared to those of 006 or 0012 and crystalline plane is nearly parallel (17.5°) to them. The 1010 peak was enhanced as the orientation was developed. The highest intensity of 1010 was noted with the green compact from the slurry of IPA 61 mol % which displayed the best compatibility of PVB and solvent or dispersibility of particles. This result demonstrated that improvement of compatibility between PVB and solvent was the key factor for fabrication of the green compact with high orientation degree. Almost the same XRD patterns were noted in the compact of IPA 0 mol % and that prepared without magnetic filed (0 T), indicating random orientation of particle in this sample. of green compacts against the molar ratio of IPA and Table 2 tabulates these numerical data. All three orientation indexes (L.F., M.L.F. and orientation degree F biref from birefringence of the sample) showed that the compact of IPA 61 mol % had the highest value. In contrast, very low value was noted in the compact of IPA 0 mol %, indicating difficult particle orientation in the solution of xylene with PVB. Density variation agreed fairly well with the orientation degrees; the higher density corresponded to the higher orientation degree. The order of orientation degree between IPA 28 mol % and IPA 100 mol % was reversed in L.F. and M.L.F. This problem is discussed later.
Evaluation of particle orientation in green compacts
4. Discussion 4.1 Relationship between the compatibility of PVB and solvent and particle dispersion
Dispersion state was different among the four kinds of slurry examined as shown in Fig. 4 and Fig. 5 . The PVB molecules work as a dispersant by inducing steric repulsion between the particles in slurry. Accordingly, the compatibility of PVB and solvent is very important to control the conformation of PVB in the slurry which determines the particle dispersion.
Hydrophobic and hydrophilic natures of PVB morecules (Fig. 1) play a very important role in the slurry. In order to improve the compatibility, both hydrophobic and hydrophilic groups of the PVB should be stabilized in the solvent. Polar solvent with hydroxyl groups interact with the hydroxyl groups in the PVB molecules by hydrogen bonds and non-polar solvent interacts with hydrophilic groups in the PVB molecules by the van der Waals force. 19) This is why mixing of the polar and nonpolar solvent is effective for stabilization of the PVB molecules. The stabilized PVB molecule forms expanded structure to attract many molecules of solvent and maximizes the steric repulsion between alumina particles.
The intrinsic viscosity provides the information on the conformation of PVB in the solvent. 26 ), 27) In Table 1 , the high intrinsic viscosity is noted in the mixture of xylene and IPA with PVB especially in IPA 61 mol %. In this solution, PVB molecules forms expanded structure which contributes to the excellent dispersion of particles in the slurry.
The result of intrinsic viscosity of the PVB is consistent to that of direct observation for the slurry as shown in Fig. 5 . Good compatibility of PVB and solvent provides well dispersed slurry. In contrast, the result of slurry viscosity shown in Fig. 4 is not enough to explain the difference in the dispersion state of particles among the four kinds of slurry. It is reasonable to ascribe the shear thinning behavior to the huge agglomerates in the slurry of IPA 0 mol %. However, Newtonian behavior does not always mean the complete mono-dispersed state in the slurry. This behavior only means that agglomerates are merely stable enough not to flocculate at low shear rates.
Modified Lotgering factor as orientation degree
The modified Lotgering factor (M.L.F.) used in this paper is more convenient to evaluate the diffrence of orientation degree among samples than the original Lotgering factor (L.F.). Figure 8 shows the relationship between the two kinds of Lotgering factors (L.F. and M.L.F.) and standard deviation (£) of Cauchy probability density function as an orientation distribution. Note that the existing probability from zero to £ is 50% in this function, or 50% of particles are oriented with declined angle between º = 0 to º = £. The method to link the Lotgering factors and £ was described in another paper. 
Relationship between dispersion in slurry and orientation degree in green compact
The degree of particle orientation in the green compact is clearly dependent on the dispersibility of particles in the slurry as noted by the comparison of the results Fig. 4 and Fig. 7 . The slurry of IPA 61 mol % shows very good particle dispersion and provides a highly oriented green compact (M.L.F. = 0.44, F biref = 0.69). Contrary, the slurry of IPA 0 mol % has huge agglomerates which leads to low orientation degree (M.L.F. = 0.023, F biref = 0.024) and green density (46%). The slurry which contains agglomerates consisting of several particles results in moderate orientation degree as noted for the compact of IPA 28 mol % (M.L.F. = 0.40, F biref = 0.54) and IPA 100 mol % (M.L.F. = 0.35, F biref = 0.38).
These results strongly support the significance of well dispersed slurry for development of highly textured structure in the green compacts. Unfortunately, the size of agglomerates could not be related to the orientation degree because accurate size measurement of agglomeration was difficult from the image of the microscope. A quantitative evaluation method should be developed.
Conclusion
A highly textured alumina green compact was obtained from various kinds of non-aqueous slurry by drying it in a high magnetic field. PVB behaved as a dispersant inducing steric repulsion between particles. The results of intrinsic viscosity of PVB and direct observation of particle dispersion in slurry demonstrated that well dispersed slurry was successfully obtained when compatibility of PVB and organic solvent was optimized by controlling the mixture ratio of polar and non-polar solvents. As the result, the obtained green compact had high orientation degree for the slurry having good compatibility of PVB and solvent. 
